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Two neutron counters employing liquid scintillators have been 
used to detect neutrons of 70 to 170 Fev energy. One counter was 
a cylinder twelve inches long by four inches in diameter. It was 
used to obtain angular distributions of energetic neutrons. ‘The 
other counter wes in the shape of a dish fixe inches thick with a 
diameter of twenty two to thirty two inches. It wes used in ex- 
periments where large solid angle coverage was desired. 


Both counters were studied experimentally in detail. The 
photodisintegration of the deuteron was used as a (monoergic) 
source of neutrons to investigate the behavior of the counters. 
The angular resolution and efficiency of the counters were deter- 
mined es a function of neutron energy, geometry, target thickness and 
position, neutron bias energy, lead shielding, and neutron counter size. 


A method of theoretical anelysis of the above factors is developed. 

The experimental results are compered with those fran theoretical cal- 
culations. From the agreement obtained, the behavior of the small 
counter seems to be very well understood. The values of absolute 
fficiency calculated for the large counter are not in complete agree- 
nent with those obtained experimentally. Reasonable assumptions con- 
cerning the cause of these discrepancies are advanced which lead to 

a qualitative agreement. 


A survey of alternate nethods of high energy neutron detection 
is included. 


GS GEOR nenne a ce ...Bernerd T. Feld 
Associate Professor of Physics 


AI ZE 











TAD. OF COUTTS 


PAGE 


74 Ploy RT RE, Ë a 


II. DESCRIPTION Or TYPES Gr WLUISON DSTECTOSGS........ 3 


سا 9 


€ 


9 bd E2 CL UJ. $» 


General 

Ionization Chambers and Proportional Counters 
Cloud Chambers afd thotographic imulsions 
Fission Chembers 

Scintillation Detectors 

Summary 


III, STUDY OF LANGE MEUTROW DETECTOR. e... t» 10 


= nu 


Description o? "5 


Csleulstions 
Experinental Investigation 
Discussion of Results 


igure LA rs Neutron هد نا منک اهتنا‎ ° lla 


2. Block Diagram of Electronics. lic 
3. Calculation of End Losses.... lha 
h. Effective Lengtn of? Counter.. 15a 
5, FS Hiiicieney V& Jia5........ 168 
6, F6 one. eae te e Bê 
7» FS Counting Mate vs Distance. 17a 


Table l. FS Efficiency vs Neutron Energy..... 19 


IV. STUDY OF SMALL NEUTRON BETECUÓRR. ..... eoe rr m. — E 


De 


Description of "Little Neut" 
Calculations 

Locporimental Invertigation 
Discussion of Results 


Figure 8, Smell Neutron Counter........ 20a 


9, Bide Well Loeseg....... 2.» قلا2‎ 
10. Geometric Efficiency Factor.. 23a 
ll, ۲ ReBeliition........... Ate 
12. Small Counter Geometry....... 25a 
13. Efficiency vs 8ias........... 26a 


a AAA AA AA 20‏ سل 


pi A AS a 13 


I. INTRODUCTION 


Investigations of Hich Lnergy Photo»zroton roduction by 325 ۷ 


1 
Bremsstrahlung Radiation by "eld et sl end Neutrons in Coincidence with 


2 
High Energy Photoprotons by H, Meyers et al have been conducted at the 


M.I.T. Synehrotron Laboratory. Similar experiments have been undertaken 
et other tone” These investigetions indiceted thet there ves 
substantial evidence that the process involved in photoproton production 
was the photodisintegration o^ neutron-proton peirs, i.e. douteron-like 
subunits in the nucleus as proposel by Levinger. Further ue precum 
was deemed warranted and has indicated this to be the k... 

Tnagmuch as the high energy neutron detectors under discussion in 
this paper were employed in the latter investigations, a brie* outline 
of the experiment would seem to be in order. 

Targets of verious mielei vere placed in the bremsstrahlung bean 
of the M.I.T. synchrotron. As the process being investigated is essent- 
ially a two body problem one observes this by detecting a neutron ond 
proton in coincidence possessing the proper kinematic relationships. 

The proton telescope consksting of three plastic (Pilot Co.) scintill- 
ators and appronriate energy absorbers was placed at a desired angle. 
The electronics was biased to accept protons of a nerrow energy spread 
(412.5 Hev) about some selected proton energy. (For details concerning 
the proton telescope and techniques see references 1 and 5.) A neutron 
detector vas placed et an angle sporopriate to the energy end angle of 
the proton telescope. The signals from the proton telescope and the 


neutron detector were then fed throuch a fast coincidence circuit. 
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For a given proton angle, proton energy, neutron angle ard 3 rey 
energy, the problem of the photodisintegration of a deuteron is 
kinematically overdetermined. One observes neutron-proton coin- 
cidences over a small range of angles of the neutron counter. The 
spread in angle is a measure of the initial "omenta o" the nucleons 
involved. A series of experiments was undertaken to study the process 
further and to employ the process as a tool. Specifically it vas 
desired to compere the momentum of nucleons in various nuclei.. 

These are experiments in which one gains additional infornation 
from absolute values; therefore a thorough understanding of all the 
factors effecting the operation and effeciency of the neutron d»tect- 
ing equipment was essential. This thesis is an experimental and 
theoretical study of the neutron counters employed. 

À snall neutron counter, "little neut", was used to obtain 
angular distributions and a large counter, referred to as WS" or 
the "Flying Saucer", wes used to obtain the integral values for total 
ntp events. The large counter is studied in detail in section III, 
theoretical calculations are compared with experimental results. The 
small counter is studied in section IV, Section II contains a general 
review of the types of instruments available for the detection of fast 
neutrons. Coments on the adaptebility of these methods to the present 


ntp experiment are made and summarized in paragraph II,f. 
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II. DESCRIPTION OF TYPES OP NEUTRON DETECTORS 

A. General 

Since fast neutrons themselves produce only negligible 
ionization directly, their detection is dependent on their inter- 
action with bodies whose effects can be detected. Usually this 
interaction consists of transferring all or part of ihe neutron 
energy to charged particles, chiefly the lighter nuclei, which 
may then be detected by their ionigation. Since the cross section 
(total) for neutron interactions is in general mall end a docreas- 
ing function of neutron — "neut € 0 Hev), efficient 
detection of high energy neutrons is dependent on the incident neut- 
ron being confronted with a large »nunber of nuclei with which to 
interact and whose interactions can be detected in the laboratory. 

B. Ionization Chambers and Proportions] Counters 

These instruments have been employed with success es detectors 
of rays anû are readily adaptable to the detection of neutrons 
Since many of the problems involved in both types of detection are 
similar, These instruments measure the amount of ionization pro- 
duced in a gaseous volume by the passage of charged particles. To 
detect fast neutrons they are usually filled with a hydrogenous gas 
under uam a ions formed by the recoil protons are collected 
and measured. Since the mean path for neutrons of ~100 Mev ina 
medium of such low density is very large in comparison with the 
limits of physical size of any praetical detector, these instruments 


are inhorently of low efficiency for fast neutrons. Efficiencies of 
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8 
the order of 10% have been possible with low energy neutrons (2.3 Mev), 


electron collection times are one microsecond. Efficiency of neutrons 
~100 Mev is reduced to the order of 10-2 : 

Efficiencies of these instrunents have been increased, at the 
expense of greater ion collection times (~seconds), by the use of 
insulating liquids such as hexane and decane under field strengths of 
up to 1000 volts/ m Mín hydrorenous tcrgets ean be plsced in front 
of or inside of these counters to increased the probability of a recoil 
k 

Because of their low efficiencies for fast neutrons and relatively 
slow response tine for fast coincidence work such detectors were not 
employed in these experiments. 

C. Cloud Chambers end Photographic Emulsions 

These instruments ere mentioned only briefly for canpleteness 
as they are not efficiently adaptable to coincidence work. Cloud 
chembers utilizing a hydrogen atmosphere have been a ۵ de- 
tect and measure the energy of neutrons of <l Hev. If the direction 
of the incident neutron is known, its energy can be directly obtained 
fron the length and direction of the recoil proton. In an analagous 
fashion photographic plates loaded with a hydrogenous matcrial have 
been used to measure proton recoils employing standard plate techniques. 
Photogrpphic plates loaded with various meclei thet possegs threshold 
energies for neutron reactions can be used to detect and give minimun 


energies of neutrons. Keepin and Roberts havo utilized the reaction 
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Li (n, eji? . The reaction B O(n,2« y? has been suggested for 
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neutrons of greater than 10 Mev. 
D. Fission Chambers 
Uranium fission chambers have been used with success to detect 
15,15 
neutrons in the range &15 Hev. Some workers have enpioyed bis- 
mith fission chambers for neutron energies <50 Mev. The efficiency 


h 


of such detectors is normally about 10- ” or less. 
L. Scintillation Detectors 
1. General 
Scintillation counters have supolanted most other types of 
counters for detecting all kinds of radiations. Some transparent 
condensed material that is capable o^ producing observable light 
p»lses following internal ionization is used. These light pulses 
ere detected and amplified by means of photomultiplier tubes. Feu- 
trons are detected by observing recoiling charged particles. 
2. Types of Scintillation Detectors 
a. Organic Crystals 
Organic crystals such es anthracene and stilbene have been 
used to detect neutrons b; means of light pulses produced by recoil- 
ing protons. The crystals are very transperent and produce relatively 
large light pulses. In practice, the high cost and the manufacturing 
difficulties incident to meking high grace crystals of large enough 
size for high energy neutron work limit their use in the leboratory 
for this purpose. 
The never plastic scintillators could conceivably be used in 


tris manner. They are expensive in large sizes. 
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b. Liquid Seintillators 

ine relative merits of vericus licuid organic canpounds when 
used cs scintillating media have been وج‎ detection is 
accomplished as before by observing the light pulses produced by re- 
coiling protons. The light output per unit energy loss in the scin- 
tilletor is somewhat less for tie liquid scintillators tnan for the 
crystals; however, they are readily available fron commercial sources 
at relatively low cost, very transparent, and can be contained in a 
detector of arbitrary size and shane. The liquid scintillators appear 
to be tre most advantageous for high energy neutron detection as their 
transperency sllows good light collection even when the counter size 
is commensurate vith the mean path for fast neutrons. Their fast 
wa مت‎ eoincidence work and allows the use of high 
absolute counting rates. 

3. Scintillation Counters and Determination of Neutron 
nergy | 
ae Analysis of Recoil Proton Spectrum 

If the relationship between ¡he smount of light produced in 
the scintillator were linear with the energy loss of the recoiling 
proton, the proton spectrum yielded by monoergic neutrons would be 
flat from zero out to the energy of the incident neutrons. This 
assumes isotropic n-p scattering. The neutron spectrum would sinply 
be the — of this spectrum, i.e., a spike at E. In general, 


the derivative of the proton spectrua would yield thc neutron spect- 


rum for purely recoil events. 
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Unfortunately the relationship between light output and proton 
energy loss is not linear at low proton energies end must be taken 
into account. The theoretical curves of Blu Abd are in general 
egreement with the data of Taylor et ذو‎ this relationship. These 
curves, which are for anthracene, are assumed here to apoly to the other 
organic scintillators in the non-linear region below 15 Mev. 

Another difficulty in the analysis of the proton pulse spectrum 
is that at high neutron energies ^90 Mev, energetic protons end other 
charged particles are ejected fran the carbon nuclei present in the 
liquid (i.e. one observes stars and spallation). At these energies, 
the cross section for such contributions from the carbon is commen- 
surate with and may be greater than the cross section for n-p 

20,21 
scattering. 

A further complication in the analysis of the recoil proton 
spectrun is that the n-p scattering can no longer be considered to 
be simply s wave scattering (isotropic) at neutron energies in excess 
of 1h Mev. Data concerning the anisotropy of n-p scattering at neu- 
tron energies of h0,90 and 260 Mev is given by Kelly et a 

The analysis of the recoil proton spectrum to obtain the in- 
cident neutron spectrum is difficult to do analytically. I 

».وه 


is amenable to mumerical methods, such as the Monte Carlo technique, 


if one merely wishes to verify an assumed neutron spectrum. 
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b. Utiligation of N-P Scattering 
(1) Neutron-Proton Coincidence Telescope 
Several methods for measuring neutron energies are besed on 
the kinematics of neutron-proton collisions. The neutron-proton 
telescope is one such method in which the nentrons to be detected 
are incident on sn organic crystal which serves as an n-p scatterer 
and as a proton detector. A neutron detector is placed at a certain 
angle, coincidences between the neutron and proton counters define 
the angle of scattering and the pulse height of proton recoil yields 
the neutron energy directly. To keep the energy spread smell, the 
angle of scattering must be well defined, thus this instrument is of 
low efficiency due to solid angle effects and the small n-p scattering 
cross section at high neutron energies. The latter factor is doubly 
weighted in view of the stringent conditions imposed on the incident 
neutron for detection. Namely that two separate neutron events occur, 
n-p scattering into a finite solid angle by the crystal and finally 
detection of the scattered neutron in the neutron counter. Its use 
has been successfully reported for neutrons up to lh mer 
(2) "Thin"Proton Radiator and Proton Telescope 
A second method of neutron energy determination employs a thin 
hydrogeneous radiator. Incident neutrons scatter protons forward into 
@ proton ا‎ as the one used in this experiment. The pro- 
ton energy can be sccurately measured. However, consideration of the 


conditions imposed on the thickness of the radiator and the solid 


angles show thet it would be of low efficiency. 
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Án energy determination requires that only a small portion of 
the energy of the recoil protons originating in the rediator be lost 
in the radiator. Since the cross section for n-p scattering at high 
neutron energies is small, a thin radiator leads to a low probability 
that a recoil proton would be produced. 

in order to have fairly monoergic recoils the proton mst be 
scattered into a small solid angle. The small solid angle is another 
large factor in lowering the efficiency of such an instrument. 

c. Neutron Detectors Based on the Totel Absorbtion Principle 

These instruments measure the total ionization produced as a high 
energy neutron is degraded in energy by successive scatterirgs in a 
large volume liquid scintillation detector. The pulses from individual 
scatterings are sumed and are taken as an indication of the incident 
neutron energy. To insure that the neutron has given up all its energy 
to the scintillating liquid, the liquid is loaded with some material 
that has a very high cross section for thermal absorbtion of neutrons 
and which gives off an energetic Yray (or other ionizing event) during 
the capture process. Only those initial recoil pulses sre counted 
which are identified by a capture f pulse occuring within a specified 
time after the initial pulse. 

completed an evaluation study of such a detector‏ ر 
employing Boron-10 capture for identification. Energies up to ik Mev‏ 
are considered and Monte Carlo sampling has been used to predict the‏ 
efficiency and the energy resolution. A large volume detector employing‏ 


cadmium for a capture Y pulse hes been described by “eines et al. 
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This type of instrument shows the most promise of being an 
efficient detector of high energy neutrons with good energy resolution. 

D. ^ Summary 

The choice of a liquid seintillator for use in the neutron de- 
tectors in the n4+p experiment was dictated by the following consider- 
ations: 

l. Since the number of events to be recorded was small, the 
efficiency of the neutron counter must be high in order that the 
running time be minimized. 

2. ‘The resolving time for the detector systen must be short 
in order to reduce accidental coincidences and to avoid pile up. 

This was especially important for the large counter since it was 
expected to have a high absolute counting rate of neutrons cue to 


its size. 


III. STUDY OP LARGE "Sn" NEUTRON DETECTOR 

A. Description of FS" 

Both counters employed as a scintilleting liquid a mixture of 
$ grams p-terphenyl per litre of phenylcyclohexane. To shift the 
wave length of the light pulses to the higher spectral response 
region of the photomultiplier tubes (2CA 5819), .03 grams per litre 
of Pilot Chemical Co. "Popop" was added. The physical properties of 
the solution were taken as: 


Chemical formula من‎ 
Molecular weight 160.25 
Density (20°C) 9l] grams/ml 
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The scintillating liquid is viewed from the back of the counter 
by nine RCA 5819 photomultiplier tubes. The tubes were mounted ín 
l" holes in optical contact with elear plastic windows. The FS 
counter was constructed of thin gauge sheet steel ("1/8") in the 
form of a truncated cone with an altitude of 5", back diameter 32", 
front diameter 22" (see figure 1). It was painted on the inside 
with titanium dioxide in water glass solution to provide a diffuse 
reflecting surface to aid in lignt collection and uniformity of 
response, 

The high voltage of each tube was adjusted so that the gains 
of the photomultipliers were equal. The output signals fron all 
nine tubes were added and fed to a cathode follower. The output 
of the cathode follower was fed to the circuit shown in figure 2. 
The FS was shielded from Û rays and other background by a 3" lead 
house. Accidental counts were determined by "teeing" the neutron 
detector signs]l and passing 1t through a 57 meter delay line. (See 
figure 2). The delay, 3 «seconds, was long compared to the re- 
solving time of the circuit. The delayed signal was then fed 
through a separate coincidence channel with the "teed" signal from 
the proton counter. The delay channel neutron signal was operated at 
a lower bias than the true coincidence neutron channel. The number 
of accidental coincidences subtracted was given by the product of 
the number of accidental coincidences registered times the ratio of 
the true coincidence neutron singles counting rate to the singles 


rate of those in the delayed channel. 
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Figure 2: 
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Block Diagram of Electronics Circuit 

fn energy determination of the proton events required a 
coincidence between the front and back crystals of the 
proton counter. ie output from the double coincidence 
circuit to scalers P, and Por recorded the number of 
proton events. The output from the triple coincidence 
circuit to scalere (N+P), and (HP) 5+ recorded the num- 
ber of n+p coincidences. The output from the triple 
coincidence circuit to scaler 13۳ Was & measure of 
the accidental n«p coincidences. The other sealers 
were employed to measure singles counting rates of the 


various components. 
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B, Calculations 
l. Angular Resolution 
In the calculations, it ís assumed that the YS counter subtends 
a greater solid angle than does the beam of neutrons coming from the 
target ag s result of the photodisintegration of the deuteron. Only 
those neutrons that are coincident with protons counted in the proton 
telescope are considered. As will be shown in the discussion concern- 
ing angular resolution of the small counter, this is a valid assumption 
in that the ratio of the solid angle subtended by the FS: solid angle 
of the beaa is 1.56;1 for deuterium with the geometry employed. There- 
fore all of the neutrons coincident with protons counted enter the 
effective volume of the FS. 
2. Calculated Efficiency of the FS Detector 
a. ‘actors entering into efficiency 
The efficiency of the FS detector is given by the following 
expression? 
Efficiency (Byiag, 2) SMA 2Se ONe (1 - eh ^) 
S (CI Ne + G (H) Na 
where Ceff (H)æ effective microscopie cross section for production of 
proton recoils from n-p scattering with energy 2 jas 
0 (0)ممي‎ s effective microscopic cross section for production of 
observable charged particles from carbor nucleer events 
with E b3 as 
Neo My = mmber of atons/cm? of carbon and hydrogen respectively 
Sy (E), 6,(C)=total microscopic cross section of H end C respectively 
E = reciprocal mean path= o (HN, + 6, (C) N. = + 


T 
lepp + effective length of the counter 


nalen 6 
addon lu I 
sisside seien EY els sado ras دهاز تا تن دز ده‎ erg m! 
OU ao) pinn amtii 26 0500 جوم لش نصح ننه‎ iiot و وسم‎ 
vm) Edad efi le 2d trios wil 
س پس پس سم اس‎ 4٢٢ ٢ 0002٥-00217 
no wine it زه‎ mundo ed rity r معو لاهحدهنا.‎ Wr roman las 
۳۵۹ ی‎ a sè si cU 'nses Ilamm it lo xoifOloses مجو لد‎ pè 
سپ سب‎ ۱ AF ناسا نب‎ siam Bir mds to olesi ad? deds dt 
— — وم ونمو بات »هوحن‎ NOLI Of mad amt یو‎ 
Se eren s. 
ai! To amor موز‎ 
TAPER BY af Yo woualofll! hedawofaU .€ 
۳5-۰۷ 2 os 
PUMOLIGE wet yd naviy W rosted EY ol? "m omit چو‎ 


LEM -i) 






1 هرد p mE + ٨‏ هد 
dore 7‏ بجوو زان کس سپ tme dii guisaiese‏ « 


و ی 


Ú s نا‎ Yo met #نددمعمموطه وعمس‎ [sdod-(U),D “> 
D eA 
WM O bo dipai یوو انز‎ 














13 


ihe efficiency of the counter is a function of the neutron energy 
(Z4), bias energy (3445), cross section, and effective length of the 
counter. In addition to these factors, it is a function of a geometric 
factor dependent on the effective cross sectional area of the counter 
and the distribution of incident neutrons over this area. There will 
also be a reduction in counting efficiency due to attemation of the 
neutron beam by any shielding material. An analysis of the individual 
factors effecting efficiency is given in the following peragraphs. 

b. Effective Length, lere, and Wall Effects 

In a counter of firite length, recoil protons originating neer 
the back of the counter may strike the end of the counter before 
losing an observable amount of energy in the scintillator (i.e., Bias)% 
Thus the effective length of the counter is the true length minus 
some average length for proton recoils to lose sufficient energy to 
produce a pulse larger than the bias setting. The loss of neutron 
counts due to the finite length of the counter is the same for both 
counters. It is a function of the bias applied to the neutron counter 
and the energy of the incident neutron. All biases are expressed in 
energy loss of an electron in the scintillator corresponding to the 
actual loss of the recoil protons. In view of the linesr relationship 
between energy loss of an electron and pulse height this permits the 
use of a linear energy bias scale. Proton energy losses are converted 


17 
to equivalent electron losses with the data of Birks. The plots of 


* Similarly, in a finite counter some proton recoils will strike 

the sidewalls of the counter before losing an amount of energy corres- 
ponding to the bias. It was not necessary to consider side losses in 
the calculations for the FS in view of the fact that the counter vas 
much wider than the beam of incident neutrons. 
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electron pulse vs energy loss and proton mulse vs energy loss are 
ascumed to be parallel ebove 15 Mev. 

The procedure for estimeting end losses was cerriedc out graph- 
jeally and is illustreted in firwre 3. It consists of determining 
the energy of recoil protons as a function of proton laboratory 
angle through the relationshin Ez E cost. رب‎ (Figure 3a). The 
distance required for a proton o^ energy En to lose the bias energy, 

29 

Mies, is, then determined from renge-enerpy tables and plotted as 
a function of proton recoil angle fis. (Figure 3b). This is actually 
a three dimensionsl plot in trat the surface which is formed by the 
ends of these vectors is a surface gererated by the revolution of 
the curve about the f,- o axis. lines are drawn on the plot per- 
pendicular to the beam axis representing the end of tne counter for 
n-p scattering at various distances from the counter end, The fraction 


of recoil protons of energy > iag Striking the end of the counter 


before losing hijas is a function of f counter and is given by 


d counter oder d 7 
ka d4 
here the line representing the end of the counter and tho curve of 





where ¢ counter corresponds to the angle 


P ias distance vs $ intersect. Sere is the proton angle at which the 
recoil proton energy Ej 2 E.i.., The values of de for n-p scattering 
were obtained from Kelly et 4 d were represented analytically by 

& function & - 8 cost... where $ „is the scattering angle in the 
center of the mass coordinates. A plot of (probability of a neutron 


reaching a distance D without interacting) times (the probability of a 
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Figure 3: End Losses 
Figure 3a is & plot of recoil proton energy as a dunction 
of recoil proton angle for n-p scattering by 130 Mev 
neutrons. 
For each recoil proton energy, the distance required for 
the proton to lose the bias energy, E tag? is determined 
from range-energy tables. A plot of this distance, also 
as a function of proton recoil angle, is shown in figure 
3b. For a hypothetical "counter wall" at various dis- 
tances, X, fron an n-p scattering event, the fraction of 
effective protons (E. 2E.) that strike the "counter 


Wall" before losing E tag is calculated. 
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Figure (3b) 








recoil proton losing pias in the counter without striking the counter 
end if it originated at D) versus distance in the counter was made, 
figure h. The point lere at which the probability areas on the graph 
of figure |; were equal was taken as the effective end of the counter. 
let? is shown on the graph. 

The values of ds and this whole calculation are for pure n-p 


Z 
scattering. The contribution of energetic protons snd deuterons from 


the carbon is سه سم‎ is teken into account in the calcu- 
lations (see behow). Neglecting the carbon in the calculation of wall 
losses introduces no appreciable errors T the carbon contribution 
is predominantly at lower energies. Any error that is introduced is on 
the conservative side, that is slightly overestimating ihe end losses. 

C. Carbon Contribution 

The contribution of energetic charged particles produced by high 
energy neutrons interacting with the carbon nuclei present is appre- 
ciable. Kellogg has investigated the Cross Sections for Products of 


20 
Mev Neutrons on Carbon and results pertinent to this study are 


IS 


iven in tabuler form below: 


c مت‎ VALUE (milli-barns) 90 Mev Neutrons 
arbon, Total 5012 0 





Carbon: production Ey? 0 E, 7 20 Mev X >35 Mev 
of protons with 173+ 15 85.3 t9.2 deed c. 
Carbon: production Eq > o Eq >27 Mev 

of deuterons with 90 t 10 26 ناقفخ‎ 


Hydrogen, Total 7721.5 
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In view of the non-availebility of such cross sections at other 
high energies, the cross sections for production of energetic charged 
particles from carbon were assumed to be provortional to the total 
cross section, with appropriate considerations of the energy scale of 
the charged particles. The total cross section for carbon at several 
high energies haa been measured by Taylor سم ده‎ 

de Results of Colculations of FS Efficiency 

A plot of calculated FU efficiency ve lps. ct E, =130 Mev is 
given in figure 5. The calculated values of efficiency vs neutron 
energy are given in Table 1. 

Since the counter was shielded by 3" of lesd, the neutron besm 


CA ې‎ 
would be attenuated to e L (Pb)3 


before reaching the counter if all 
interactions in the lesd removed neutrons {ron the beam. However 
this is not the case; some neutrons are scattered back into the counter, 
figure 5 includes one curve for total lead attemation end one curve 
for no lead in front of the counter. The effect of the lead is dis- 
cussed further in the next section. 

Co Experimental Investigation 

The apparatus was sot un as Qescribed eerlier and shown in fig- 
ure 6. A D40-H40 subtraction of ntp eoircidences war made to determine 
the efficiency and characteristics of the FS by use of ihe photodisin- 
tegration of deuterium. Accidentals were subtracted ss described pre- 
viously. Fron kinematic relations the energy o? the neutrons being 
detected was known to a small relative energy vidth,* 12.5 Mev. Tre 


response of the PS was determined to de uniform over its faze by use 
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of a smell redium source. ‘The bias of the "S was determined absolute- 
ly by a radium {| cut off. In view of the linear relation between 
electron pulse height and energy loss, this value could be extra- 
polated to our operating point whieh corresponded to a 6.1 Mev 
electron bias. The data taken on FS yielded the following infor- 
mation: 

a. Efficiency of FS vs Bpjas (Ey = 260 Mev; En= 129 Mev) con- 
pared with calculated values in figure 5, 

b, Effect of distance of FS fron target vs counting rate of ntp 
from lithium and oxygen (15,0). Figure 7. 

c. Efficiency of T9 ve E, (Ey, = 260, 200 Mev; &..76.1 Mev). 
See table 1, page 19. 

D, Discussion of Results 

l. Efficiency of FS ٨٢ 3 وس‎ F,= constant = 129 Mev 

Figure 5 shows clearly the correspondence between the cal- 
culated and experimental values for efficiency. The deviation from 
— uapa values is attributed to contributions from the lead 
shield. As is shown, practically all the neutrons that interact with 
the lead arrive in the counter volume as energy degraded neutrons. 
Hence at low bias there is probably no appreciable loss of counts due 
to lead attenuation; however, as the bias voltage is increased, the 
lower energy neutrons scattered from the lead are cut out rapidly and 
the exoerinental curve approaches the calculated curve representing 


completely effective lead attenuation. 
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Figure 7: 
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Ratio of nep Counting Rates fron LÀ and O as a function 
ae Distance fron Target 

The ratio of n+p coincidences to proton counts is snow 

as a function of FS distance from target. The distance 

scale is àn solid angle subtended by the FS at the cen- 

ter of the target, The actual distances in inches are 

noted above the solid angle coordinate. 

The predicted distance at which the ratio should fall 

to half the plateau value is shown on tho graph as 


۵)3( end IA (2). 
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2, Effect of FS Distance from Target on n p fron lithium and oxygen 

A plot of n p coincidences vs PS distance fron target is given in 
figure T. This plot shows the effectiveness of the large solid angle 
coverage by the FS. The solid angle subtended by the median plane of 
the counter at the target center is shown as absissa underneath the dis~ 
tance scales. The angular distribution of the coincident neutrons from 
Li and O was determined with the small counter, see H. Wilson's — 
From these curves we would expect the — rate with the FS counter 
to have the gross features shown in figure 7, namely a plateau at large 
solid angles and a fall off starting when the solid angle no longer con- 
tains the entire neutron distribution. One can try to be quantitative 
by comparing the value at which the YS counter should count one half of 
its plateau counting rate with the width obtained on the small counter. 
Such a comparison requires a knowledge of the curve shape. A theory for 
the curve shane has been proposed — À fairly good quant- 
itative check is obtained by sssuming the curve is a Gaussian which 
should be wéighted by the solid engle. The predicted half value points 
are indicated in figure 7. Their agreement vith the experimental values 
is considered satisfactory in view of the assumption being made. The 
plateau of the lithium curve extends to greater FS distances then the 
oxygen plateau. This is a confirmation of the values obtained for the 
angular half widths with the small counter, see reference 30. 

3. Efficiency of ?S vs Neutron Energy 

Table 1 shows the correlation between the calculated and cxperimental 


values of FS efficiency as a function of neutron energy. 
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The incresse of efficiency with increasing neutron energy can 
be attributed in pert to tho effects of the 3" of lead shielding the 
FS. The cross section for neutron interactions with lead (above 
resonances) is flat out to spproximately 90 Mev. It falls in the 
energy interval from ~90 to 1h0 Mev where it again becomes flat. 

This effect tends to cancel out the lowering of efficiency due to the 
decrease in cross section for production of energetic charged particles 
in the scintillator at higher energies. 

At neutron energies of 70 and 76 Mev the experimental value of 
efficiency approaches that value obtained for the lead being completely 
effective in removing neutrons from the beam. At the higher neutron 
energies, 129 and 171, it approaches the value calculated for no lead 
attermation. 

A further factor leading to an increasing efficiency with in- 
creasing neutron energy is the effect of the carbon nuclei present in 
the scintillator. The cross section for the ejection of energetic 
charged particles from the carbon nuclei by fast neutrons is a greater 
fraction of the total cross section at higher energies. 


TABLE 1 Efficiency of FS Counter as a Function of Neutron Energy 
Neutron Bias 6.1 Mev 


Experimental Calculated Efficiency--% 
| Mev Efficiency ¿4 * | 3" Ib Shiela** | No Po Shield 
200 70 


5.79 t .75 1.10 





260 . 50 3.11 
200 “er 3.113 
260 .56 3.53 
260 .50 ۰10 
260 3,97 





* Defined as ntp from deuterium 


P 
** All Po interactions assumed to remove neutrons fron beam. 










A Vip واد اونسمۍې‎ Io weewren! oct 
سی ىس‎ lect do که‎ emt To متاودن‎ KD or diwa al bercorun ed 
2 wurde) bunt she و ا ولد مو صو‎ sos mayen «mone اڅ. له‎ 
, سک .اه‎ Fadler a Am O e (enorme: 
TEIN = al ad و‎ wer) Leverett we 











s" سر ې‎ IYT "T (iv ې ڼه‎ 
ee 
Tareas deos veni da سه نتم‎ | 
— ITE 

oak iî hali قم‎ xf Ra ar o 

















REIT ML axa r san kane 
و ا ج سوا‎ | — 
le تاش از‎ Hu qd teLom مه‎ n: 

i-e m.‏ حم MUT AUT‏ کے 
AA — |‏ 


— p ° 





















نن 

+ H + s" Ya i E 

f 5 3 ^ 1 ` 1 
- دم‎ ^ 


3 fe جر‎ | 






amod mul orten winner of محجسهوغ‎ amon: ٤ (4 e. ۳ 





IV. STUDY OF SMALL, "LITTLZ NDLUT", WEUIRON DUTZCTOR 

A. Description of "little neut" 

"Little neut" was constructed of clear plastic in the shape of 
a cylinder 12" long by h” in diameter (see figure 8). Light from the 
scintillsting liquid wee funneled to the photosonsitive face of e 
single RCA 5819 phototube by s small truncated cone of lucite. The 
lucite was in optical contact with the end of? the counter and the 
face of the phototube. 

"Tittle neut" was shielded from background rediation by 2" of 
lead in front of the detector end a cylindrical lead house 1 1/8" 
thick surrounding the counter. "little neut" was fillod with the 
same liquid scintillator as the FS with the exception that no "Popop" 
Was added, This decreased the response time of the scintillator by 
a factor of 7B; however the pulses obtained were smaller in magnitude. 
Ihe physical properties of the scintillator remained identical with 
those of the FS. 

Accidental n+p coincidences were handled in the same manner 
as with the FS. 

B. Calculations 

l. Angular Resolution 
a. Tinite width of the counter, side wall losses 

Some of the neutrons entering the counter will produce energetic 
charged particles near the side walls of the counter. A fraction of 
the charged particles so produced will strike the side walls of the 


counter before trevelling far enough to lose an energy corresponding 
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to the bias. Some criteria must be established to estimate the 
effective volume of the counter which is lost due to these events. 
This calenlation is illustrated graphically in figure 9 and is similar 
in many respects to the calculation of end effects in the FS. ‘The 
wall of the counter was approximated by a plane. The criteria estab- 
lished wes as follows: That distance, x, from the counter wall can 
be assumed ineffective where 50% of the recoil protons from n-p 
scattering that ecatter to one side of the median plane will strike 
the wall of the counter before losing an energy corresponding to a 
given bias. Therefore the effective radius of the counter is equal 


to R (2") minus x. Where x is a function of bias and neutron 


counter 
energy. Disregarding the carbon contribution here (as is discussed 
for end effect of FS) results in slightly overestimating the volume 
of the counter lost due to side wall effects. For 130 Mev neutrons 
and 10 Mev bias, x is 0.) ۰ 
b. Effect of Finite Width Target and Target Angle 
(1) Statement of problem 
Since the deuterons that undergo photodisinterration are at 
rest initially in the laboratory, the neutron-proton pairs arising 
will be ejected back to back in the center of mass coordinates. Thus, 
for a given Y ray, the angle of the neutron is determined if the angle 
at which the proton is ejected is known. The proton detector is well 
defined spatially and the energy spread of protons accepted leads to 
avery small deviation from the angle between the neutron and proton 


of the pair corresponding to the median energy proton accepted. It is 
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Figure 9: 
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Side Wall Losses 

Side wall losses ere treated in a manner similar to the 

end losses. A plot of distance fer s recoil proton to 

lose the bias energy (10Mev) vs proton recoil angle is made 
for © neutron = 130 Mev. (Figure 9a). Our plot need only 
be in two dimensions since the locus of these points ie 
symmetric about the axis of t^e neutron beam. A ses of 
perallel lines are drawn parallel to the all of the 
counter. Two are shown in the figure at distancas A and 


Al from the Tem axis. The frection of effective recoil 


protons -— ¥ 5 between these lines is 
Si fae + ft E4 4 
ET. wnere de is for n-p 
AA! gi: ds de scattering 
do de 


Z = Bere when E, B 
‘nis fraction is spread uniformly about the beam axis. 
Looking down the beam axis in figure 3b, the counter wall is 
positioned by trial and error. With the counter wall at x, 
1 bias 


the fraction of ې‎ striking the wall before losing E 


is £ . The loss of counter radius is given by that value 


/ 
of x for which ;z = 72 
» ich zx È (ha), $, 5 
Where the summation is over all the segments cut by the 


parallel lines. 
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therefore assumed in this section that the angle between ejected neutron 
and proton from deuterium is constant for coincident protons counted 
by the proton counter (i.e., for a given proton angle and energy). Thus 
if a point target were used, the solid angle defined by the proton count- 
er would be reflected in an equal solid angle (at 909 in center of mass 
coordinates) bean of neutrons arising from the photodisintegration of 
D. The angular resolution of the experiment would then be simply the 
angular resolution of the neutron counter. Use of a target of finite 
dimensions and at an angle to the bremsstrahlung beam results in focus- 
ing and defocusing effects that are investigated by numerical methods 
in this section. 
(2) Numerical Analysis 
(a) Assumptions on which numerical analysis is based: 

l. Angle between neutron and proton ejected is con- 
stent over the range of angles included in the proton counter. 

2. Dremsstrahlung beam intensity is a Geussian shape 
(radial symmetry) clipped by the edge of the collimating system at the 
+ maximum value point (this is a very good assumption for the M.I.T. 
Synchrotron bean). See figure 10a. 

3. Finite thickness target can be approximated by 
a plane target. 

lh. Loss of neutron counts due to width of counter, 
figure lOc, can be treated independently from the loss due to height 


of counter. Figure 10b. 
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(b) Method of Analysis 

The cross section of the bremsstrahlung beam (2" in diameter 
at the target) was divided into .2" squares by a grid of perpendicular 
lines. Each square wes assigned a number proportional to the intensity 
of the bremsstrahlung beam at the center of the square. This number 
is assumed to be proportional to the number of neutron and proton pairs, 
(n+p) ij, formed in this square. Where i and j refer to its coordinates. 

To compute the fraction of the neutrons entering the effective 
volume of the counter due to dispersion in the vertical direction, lines 
joining the center of a scuare and the vertical extremities of the pro- 
ton counter were extended to intersect a line perpendicular to the 
neutron counter axis erected at the center of the counter. Consult 
figure 10 for calculation of a typical square. The ratio of the length 
of the line segment of the perpendicnlar to the counter subtended by 
the vertical height (effective, corrected for side well losses) of the 
counter: the length of the segment of this same line that lay between 
its intersection with the extended lines through the center of the 
square was determined for each square. This ratio, (£v)44; is assumed 
to be the fraction of neutrons from the square that arrive in the 
ef’ective volume 0” the counter due to divergence (losses) in the vert- 
ical direction. Losses due to angular divergence in the horizontal 
plane due to the finite target were calculated as is shown in the plan 
view shown in figure 10c. The target length was divided into ten equal 
segments. The projection of these segments on the plene perpendicular 


to the beam axis was equal to .2", the size of the grid dividing the 
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bremsstrahlung beam. A line was drawn from the center of a line 
segment to one estremity of the proton counter. Another line was 
drawn at an angle to the first line equal to the angle between the 
neutron proton pair of the median energy proton accepted. This sec- 
ond line was extended to intersect the perpendicular bisector of the 
neutron counter as before. A second pair of lines was constructed 
for the other extremity of the proton counter. As before the ratio 
of the perpendicular bisector contained in the effective counter: 
length of the perpendicular bisector between the two lines origin- 
ating at the proton counter was assumed to be the fraction, (fy). 
of the neutrons originating in that segment that entered the effect- 
ive volume of the counter due to divergence in the horizontal plane. 

What could be termed a geometrical efficiency factor is then 
given by the summation Zt); A; (E, J. divided by 2 ( nap; 
where the summation is over all the squares. 

An analysis with the neutron counter at several angles was 
0277160 out for one proton energy and is shown in figure 11. 

2. Calculated "Observed" efficiency of "Little neut" 
a, Efficiency of the counter 

The calculation of the efficiency of the small counter is 
carried out in the same manner as for the FS. The sane techniques 
were employed in computing end effects. Since the physical com- 
position of both liquid scintillators was the same, carbon contrib- 
ution and cross sections were identical. 

b. "Observed" efficiency of? "little neut" 


The experimental method employed in determining the observed 
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Figure 11: Angiler Resolut 
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efficiency of the counter depended on a DOH O subtraction, as is 
explained in detail in paragraph V, A, This method assumes that the 
difference between the mmber of protons (of proper energy) counted 
fron DO minus those from Hs0 were protons occurring as a result of 
the photodisintegration of D. In order to compare the calculated 
"observed" efficiency with that obtained experimentally it is nec- 
essary to multiply the neutron counter efficiency obtained above by 
the fraction o? eoincident neutrons that enter the effective volume 
of the counter, paragraph IV, B, 1,b. A further correction is nec- 
essary to account for the attenuation of the neutron beam in passing 
through eny shielding material. This is discussed further in the 
section on experimental results. A plot of calculated "observed" 
efficiency vs bias for ع بذ‎ 130 Mev is given in figure 13. 

O. Experimental Investigation 

The experimental setup for the study of "little neut" ig 
shown in figure 12. As with the FS, the photodisintegration of the 
deuteron, as obtained from a Dy0-H,0 subtraction, was used as a tool 
to investigate the characteristics of "little neut”. Accidentals 
were treated in the same manner as they were for the FS. The response 
of the small counter was determined to be uniform over its entire 
length by the use of a small يع‎ source of Y rays. An absolute value 
for the bias of "little neut" was obtained utilizing the 1.3 Kev Y ray 
from مې‎ for a cutoff determination. The bias at the operating point 
corresponded to a 10.l; Mev electron pulse. The data taken for "little 


neut" yielded the following informations 
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l. Angular Resolution of the periment 

The engular divergence due to a finite width target was not 
separated from the undebtainty in angle due to the finite size counter. 
A plot of the angular resolution of the D-photodisintegration exper- 
iment is shown in figure 11. The data employed for the experimental 
points is listed in H. Wilson's me. nó ratio of n+p events to 
protons, nep , fron deuterium is plotted as a function of neutron 
counter angle. ‘The proton energy was 129+12.5 Mev. The medien 
neutron energy was 129 Mev, median neutron angle 76°, i.e., 90° in 
the center of mass coordinates. 

2. The relative efficiency of "little neut" as a function 
of bias for t,=129 Mev as determined experimentally is shown in fig- 
ure 13. 

D. Discussion of Results 
l. Angular Resolution 
A calculation of the angular resolution of "little neut" employing 


the methods described in section IV,B was carried out for the following 


conditions: 
Ey =260 Mev 9 (avg) = 76° 
By = 129% 12.5 Mev 9& (avg) = 76° 
En = 1292%12.5 Mev 9 = 9 = 90° (center of 
mass coordinates) 
(Neutron) Bias - 10 Mev 2" of Pb in front of 


“little neut” 
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The curve of figure 11 shows *he results of this calculation. 

The ratio of expected true coincicense counts to proton counts, ntp , 
p 

from deuteriwm is shown as ordinate as a function of the angle, On, 
between the neutron counter and the bremmstrahlung beam. The curve is 
normalized to bue haras obtained in paragraph 2 of this section for 
the "observed" efficiency at 0,2 769, The other calculated points 
on the curve were obtained by applying the appropriate geometric 
efficiency (paragraph IV B 1,b) for other values of 6, as given in 


the fällowing table: 





On 62° 66° T1? 13.59 76° 78.5° 81° 869 gi? 
Geometric Efficiency.00 .052 .31h .h76  .527 .h7? ۰339 .0785 0 


IMA A A A — — — — — a MR — a A OMS orgy i  - “ae. 





The agreement between the experimental values and the calculated 
curve, figure ll, is excellent. 

Since the neutron counter subtends such a small solid angle, most 
of the elastic scattering events in the lead will scatter neutrons out 
of the counter. In the calculations it was assumed that the lead in 
front of the counter was completely effective in removing neutrons 
from the besm. Our assumption concerning the lead is not completely 
valid. Some of the neutrons that are initielly headed for the counter 
and are scattered still enter tne effective volume of the counter. 
Furthermore, since the beam of coincident neutrons from the target is 
wider than the small counter, some of the neutrons not originally 
headed for the counter will be scattered into the counter by the 1 1/8" 


thick lead cylindrical shield surrounding the counter and produce 
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coincidence counts. To investigate this effect, the incresse in n+p 
events from lithium due to an additional ?" of? les? surrounding the 
small counter wes measured, Since the angular width of the coincident 
neutron beam is much wider for lithium than for deuterium, the effect 
Was much larger than for deuterium. The ratio oF the solic angles 
subtended by the lead for (cylindrical shield plus 2" additional): 
(cylindrical shield) was 5:1. The relative increase in ntp events 
for this condition was 1.h:1. This factor accounts Tor tho emper- 
imental values being larger than the calculate? values for 64 near 
the extremities of the distribution. It also shows that the contri- 
bution o° neutrons scattered into the counter from tho lead shield 
normally employed was mall. 
2. Efficiency of "little neut" 

The efficiency of both counters depends on a subtraction of 
counts due to DO minus those from H40, The nep coincidences from 
H,0 must be entirely due to the oxygen. The 050 end Hod targets 
were irradisted for equal flux-times under the same conditions. 
(The H¿0 target was 1.02 times thicker than the D5O target and in all 
subtractions the appropriate corrections ere mede.) The quotient of 
(number of ntp events from D50 minus those fron corrected Ho0) divided 
by (the number of protons observed from و1‎ 6 minus those from corrected 
H20), 1.€., Antp , would give directly an experimental value of the 
counter dr if the neutron counter subtended a sufficient solid 
angle to include all the neutrons. Since this is not the case for 
"little neut", an appropriate correction for the loss of neutrons due 


to the geometry employed must be made in order to compare predicted 




















+ Gl APTO at. ¿Top TIA i03 )مهم له‎ CT af popar lomien 
po yin وريد‎ —- ^'i COMM M AUN SUM GNU. 
سا‎ SAt Jopik ند اوحور‎ canis وول وم »«مممټهد‎ Liam 
PE BD ED NER, ES mo ete jom w سر‎ run 
In SFR FY o i f ii 
وم ن واا جنال‎ niao feet) a) Mal, aita Annig 


FU jiad-‏ ددم zug Ct muet‏ جور 


np u = Lo m > Y “ar 


JOE FATS ste ue, 47 ep 


a — e- 





< Y ې‎ 2 








lo mmissesidsm ç nm phesesb evetupes jad te ome lorie adt 

#1 RADIA OF Un Oj ie omncm Seth et sud çimi inê په هوود مه‎ 
Bahet (igh beers memi Saat omi UD: rey asma cu ch وینو‎ 
خي ووچاو وم‎ peh ue MH کچ‎ SAS 
— —— — —— 
GR ano MP fos ss EM هته‎ cant roS d Di خو ده سسوم‎ 
wb WHOS a Y5 Fio! SA 6F وین ین‎ ne ٢ وغه‎ 
begs lbs LOGOS O° TBD mi Adam ad Jaem bewolges ir eed of 




















[ND 


NS 


value o? nip with those obtained experimentally. “he geometric 
p 

correction is oonsidered in the section concerning angular resolution 
of "little nett". 

“or convenience we will refer to the ratio of n+p events to p 
events fron deuteriun as the "observed" elliciency. The ef °iciency 

£ the proton counter is “100%. The calculated "observed" efficiency 

is a function of three factors: (1) counter of icieney, (2) geo- 
metric eflicieney factor, (3) attemation 0? neutron boen dwe bo 
shielding. 

For the conditions given in the preceding paragraph the caleu- 
lated mumerical values ootained for the "observed" efficiency at 


tve maximum value were? 


(calculated counter (geometric (attenuation ( "observed" 
ffieiency) efficiency) factor) efficiency) 


The agreement between the calculated values and experimental 
absolute values, which is shown in figure 11, is good. „igure il 
is actually a plot of "observed" efficiency vs neutron counter angle. 

comparison of calculated and experimental "observed" ei "iciencies‏ ار 
of "little neut" vs neutron bias for a neutron energy of 130 Mev is‏ 
shown in figure 13. The experimental points ere tho ratio o? the‏ 
counting rete of n+p coincidences to the counting rate of proton events,‏ 
n+p , from 5,0. The experimental values are normalized to the calcu-‏ 


lated value of "observed" efficiency obtained for a bias of 10 Hev. 
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V. CONCLUSION 

A. Efficiency 

The efficiency is obtained from experimental data by taking 

he ratio of ntp coincidence counts to (single) proton counts from 

deuterium. The denominator of this ratio is a small dif^erence 
between two large numbers (protonsy, y — protons, o). This is an 
unhappy situation in that it yields a final experimental result with a 
large statistical uncertainty. In view of the consistency of the 
calculated efficiencies compared to those obtained experinentally, 
it is felt that the calculated values are probably as reliable as 
the experimental values. The reliability of the calculated values 
is of course dependent on the accuracy with wnich tho neutron cross 
sections employed in the caleulations are known. 

The experimental determination of efficiencies shouid be re- 
peated with the liquid deuterium target when it becomes available 
to remove the ambiguity associated with the subtraction method. 
if this were done the experimental results could be made more re- 
liable than the calculations. 

B. Angular Resolution 

The data on the angular resolution is good. The agreement 
between the calculated values and experimental points in the case 


of "little neut" supports our confidence in the reliability of 
angular distributions obtained with the use of "little neut". Care- 


ful curve shapes of differential cross section can be obtained with 
"little neut" and sre given in references 5 and 29 for several differ- 


ent target nuclei. 
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G — Absolute "slwes 
n adar to Capel tae aku; abtaeined ir dAn riki experiments 
or by cif ferent detectors one needs to kmow the absolute vile of 
the afficiencios of the detectors enrloyed. Tram the enalysis of 
the arguler fooustie and defoeming of trrgete performat in this 
thesis one cen talih experinentally the ef “iciency of the detectors 
fram the dita on the photedisintegretion of the denteron, 
One has much more con™idence in the emerinentally obtaine? 
values of the efficiency if one can estimete the efficleney fran a 
—— Fmowledge o* the fundenental meleerr reections involved. Tt is 
therefore very satisfying to find that toere is arreement in the 
values of the efficiencies obbeined e dmentally and the values 
ealculoted. The ercellence of the agreement “or the sull center 
(shows in firure 11) to sone extent must be fortuitous. 
D. Summary 
This thesis has attenoted to clarify the factors involved in 
m@ceurineg or calculating the e^^ieíoney of high energy neutron de= 
tectors. The rore important of these factors and their interplay on 
one another are Listed: 


l. Target size and settings can em 





using sl defoeveins 
effects in coincidence measurencnts. 
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2. The lead shielding in front of a smell con 
the neutron besa but may not do so on a large counter denenting mn 
the Bias employed. ‘The lead shielding on the side of a counter is 
not too 





important if it is kept thin, ite main effect is that it adds 
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a mêl tail to the afgular resolution of € detector. 

3. The ster ant spelietion fragments "rom earbon in the scint- 
illating liquids contribute an incressingly larger froctior 07 the 
events observe as one lowers the bias of the detector. 

he The efficieney as a function of the discriminator bies denends 
upon the size of the neutron counter. Ina small counter the efficiency 
is mach more readily predictable as 4 funetion of bias. The simple 
dependence expected from isotropic proton recoils does not hol? at 
these high energies because of factors 2 and 3 discussed above. 

5. The efficiency as a function of the energy of the neutrons 
has not been satisfactorily predicted. More informetío”. Is needed 
concerning veriation of the miumber of ster end spallation fragments 
ac a funetion of neutron energy. Additionel information is also needed 
on the various differential cross-sections of neutrons on lead, 


in future experinents or detectors, the efficiency should nët 


a 
ef 


be determined by a subtraction method. 
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